I. INTRODUCTION
The atmospheric pressure plasma jet (APPJ) that is normally generated in a quartz capillary tube by using the double electrode configuration for obtaining dielectric barrier discharge (DBD) has attracted the attention of many researchers in the past decade. [1] [2] [3] [4] [5] [6] It is a quite unique electrically driven phenomenon which, as a cold plasma source being able to extend into the ambient for even over 10 cm, has found many innovative applications in biomedicine, chemistry, materials processing and fabrication industries.
2,7-10 Various techniques have been proposed to generate such plasma jets or jet arrays. [3] [4] [5] [10] [11] [12] [13] [14] In our previous publications, 15, 16 we demonstrated that the APPJs can be equally launched as charge overflow from the ground electrode in the double electrode configuration or as corona discharge from a single active electrode.
The plasma plumes in the ambient follow the channel of the working gas, say helium, in the air, of which the profile depends strongly on the interdiffusion between the air and the working gas. It is thus comprehensible that the jet features show a strong dependence on the gas flow rate. Zhang and his colleagues noticed that in generating APPJ with the DBD configuration (5 kV at 15 kHz), the critical flow velocity for the formation of a helium plasma jet needs be 3.0 m/s, and the jet reaches its maximum length at the velocity limit of 20 m/s for the helium flow to remain laminar. 17 Moreover, since helium is lighter than air, the helium flow in ambient must bend upwards due to the buoyancy of the air. It is then conceivable that the plasma jet in the ambient may also bend upwards, i.e., the jet is no more in a conical form coaxial with the quartz tube. In the Fig. 1 of both Refs. 6 and 18, the bending of the jets can be obviously verified, but the authors did not go into detailed discussion of this phenomenon. In the circumstance of plasma jets arranged in array, a more serious influence of the conjoined gas flows on the plasma jets is anticipated. Tang and his co-workers reported that when two plasma jets were brought into close proximity, they would show attraction, repulsion or combination due to the synergetic effect of the overlapping electric fields and gas flows.
14 In a device comprising multiple plasma plumes, 13 when the plumes came into contact with a conducting layer, the four jets there merged into one. Clearly, in these circumstances the plasma jets and the gas flows may have experienced a complicated interaction; but, besides the flow rate dependence of jet length, few in-depth investigations into the influence of gas flow on the plasma jet have been performed. We believe that, instead of the unidirectional influence of gas flow on the plasma jet, there may exist a complicated interplay between the gas flow and the discharge, which is in turn dependent on the way how the jet has been generated. 16 The length of the plasma jet is conditioned by this interplay rather than by the flow rate alone. This is a problem that is relevant to the optimization of the tiny plasma plumes, particularly for some applications where only a small flow rate of the precious helium gas is adopted. In the current work we report the study of the interplay between the gas flow and the discharge in APPJ of helium, with the plasma jets being generated in three different discharge modes: (a) conventional DBD mode, (b) "overflow jet" mode by using the same electrode configuration as DBD, but with the ground electrode sitting at the downstream side, 16 and (c) single active electrode mode. To this end, both the plasma jet and the corresponding gas flow in ambient were recorded onto one and the same photograph.
II. EXPERIMENTAL
A custom-designed schlieren photograph system 19 was used to record the plasma plume and the gas flow onto one and the same photograph (Fig. 1) . The light source (S) is a LED lamp emitting at 520 nm. The light from the LED lamp, first going through a half reflective/half transmissive mirror (M 1 ) and then being reflected by a spherical mirror (M 2 ) so as to illuminate the gas flow, will arrive at the camera via reflection by M 1 . As to the reflector M 2 , it is 15 cm in diameter and has a focus length of 140 cm. The horizontallylying dielectric quartz tube was posed perpendicular to the light path between M 1 and M 2 such that the plasma jet lies 15 cm away from the reflector M 2 . The lens (L) of a digital camera was mounted coaxial with the light beam reflected from M 1 , with its imaged focus plane being adjusted onto the plasma plume to be photographed. A knife-edge (K) is laid horizontal on the light path before the camera lens-at the imaged focal point of M 2 . The images of the gas flow and the plasma jet will be recorded by the camera either separately or simultaneously. According to the emission spectrum of the helium plasma jets, 20 the emission in the visible light range is composed of blue light of wavelengths below 450 nm and red light of wavelengths above 600 nm. Consequently if a green light is adopted for the schlieren photograph, the gas flow and the plasma jet can achieve the desired contrast. For all the photographs here presented with a visible plasma jet, the exposure time is 10 s at f/3.5 and ISO 1600; for comparison, also schlieren photographs were shot with an exposure time of only 1/15 s and in a view field as wide as 11 cm, where the dynamic behavior of the gas flow was accentuated. In order to improve the quality of the photographs, the background photographs for zero flow rates were taken under otherwise the same conditions and then subtracted numerically from the corresponding photograph of interest by using Photoshop. Since the refraction index of helium is smaller than that of the air, thus the light above the central axis of the helium flow bends upward to be blocked by the knife-edge, therefore this part appears dim on the photograph, whereas the light below the central axis of the helium flow bends downward to surpass the knife-edge, thus the corresponding part seems enhanced in brightness on the photograph. Consequently, all the photographs show only the image of gas flows below the axis, with the upper edge of the gas flow images delineating their axial lines. The knifeedge does not disturb the imaging of the plasma jets, but does reduce the intensity of the emission from the jets to some extend. This is why a longer exposure time and a large ISO value have to be chosen-on the photographs obtained with an exposure time of 1/15 s, the plasma jets are too dim to be visible. As to the plasma jets, they were generated by using a sinusoidal power supply at 17 kHz in a quartz tube with an outer diameter of 5.5 mm and an inner diameter of 4.0 mm. The applied voltages are given in the peak-to-peak value throughout this article as in our previous publications. 15, 16 The electrodes are made of 2.0-cm-wide aluminum foil wrapping the quartz tube, and for both the DBD and "overflow jet" modes the electrodes are separated for 3.0 cm. Other parameters will be specified in proper places.
III. RESULTS AND DISCUSSION
Figure 2 displays a set of photographs of plasma jet and helium gas flow obtained at different flow rates. With regard to each flow rate there are two photographs of the gas flow taken with and without the discharge being on. The plasma jets in Fig. 2 were launched by using the single active electrode configuration, with the outer edge of the electrode lying at 1.5 cm from the quartz tube orifice. The applied voltage is 8.0 kV. From Fig. 2 we see that the effusing helium out of the quartz tube follows approximately a parabolic path due to buoyancy of the air. With increasing flow rate, or flow velocity, the gas flow projects farther. By comparing the trajectories for each fixed flow rate, we found that the discharge 
FIG. 1. (Color online)
Schematic illustration of the setup for the simultaneous photographing of plasma jet and gas flow. The light emitted from the plasma plume arrives at the camera (L and I) via reflection by a half-reflective/half-transmissive mirror M 1 , with the plume on the imaged focus plane of the camera with regard to M 1 . For the schlieren photograph of gas flow, light from a source (S), first going through M 1 and then being reflected by the spherical mirror M 2 to illuminate the gas flow, is deflected by M 1 to the camera, to which a knife-edge (K) is put at the imaged focal point of M 2 , in front of the lens (L) of the camera. bestows the gas flow a net forward momentum. The flow path at 0.8 SLM (standard liter per minute) with plasma on corresponds to the path of a free flow at $1.4 SLM. As pointed out in our previous publication, 15 no matter how the gas flows, the plasma plume in the ambient keeps coaxial with the gas flow, i.e., the plasma plume bends upward equally as the gas flow. We also noticed that the length of the plasma plume hangs on the concentration of the air having invaded the helium flow. This can be verified by the observation that the extension of the plasma plume grows monotonically with the increasing helium flow rate.
As seen in Fig. 2 , the flow path bends upward seriously when the gas flow is slow, thus it is more proper to study the interplay between the discharge and the helium flow at small flow rates. Figure 3 represents the schlieren photographs of the helium flow plus photographs of the plasma jet in ambient obtained in three different discharge modes, i.e., (a) the conventional DBD mode, (b) the "overflow jet" mode, and (c) the single active electrode mode, each operating under various applied voltages. The gas flow was fixed at 0.8 SLM.
Clearly it can be seen that for the same applied voltages, the plasma plumes generated in these three distinct modes, thus also the interplay between the plasma jet and gas flow there, differ a lot. The plasma jets in the DBD mode [ Fig. 3(a) ] were generated with the active electrode sitting at the downstream side. In this case, a maximum jet length of $2.0 cm was measured at 10 kV. This is to say that by using the DBD mode in similar circumstances, one needs optimize the applied voltage in order to obtain the longest plasma plume. Noticeably, over 10 kV the plasma plume becomes shorter with increasing applied voltage, and at the same time the helium flow seems diffused on the photograph. By comparing with Fig. 3(c) which is obtained with the single active electrode, thus free of a DBD zone, where the plume length increases monotonically with the increasing applied voltage, this indicates that the DBD process between the electrodes has exerted some influence on the discharge in the streamer zone-with streamer zone we mean the part extending beyond the outer edge of the active electrode, including the whole plume in ambient in the DBD mode. This is to say that the DBD discharge and the plasma plume in the ambient are not mutually independent.
In the overflow mode, the situation is more complicated since now the plasma jet is generated with the ground electrode sitting at the downstream side, and the jet essentially results from the overflow of charges accumulated on the tube surface beneath the ground electrode, which occurs only at a relatively higher voltage 16 -a plume in ambient is observable only when the voltage is raised to !12 kV [ Fig. 3(b) ]. When the applied voltage is sufficiently low ( 10 kV), although there are DBD glows between the electrodes and plasma jet beyond the active electrode inside the quartz tube (not shown here), no overflow jet in ambient is available, however. By comparing the schlieren photographs of the respective gas flows at 0 and 8.0 kV, we see that the discharge at 8.0 kV even leads to a slightly reduced velocity for the gas flow. With increasing applied voltage, the overflow jet becomes visible and gradually elongated; at the same time the gas flow assumes its original path at $10 kV, and begins to gain a forward momentum when the applied voltage is over 12 kV. Noticeably, although the gas flow paths become obviously flattened due to the gained forward momentum from discharge when the applied voltage is raised from 14 to 20 kV, the length of the overflow jet, as short as 0.6 cm, shows only a negligible increase.
In the single active electrode mode, the discharge is typically a corona. In comparison to the previous two cases, the discharge impacts more effectively on the gas flow, as can be seen from the profiles of the gas flow paths [ Fig. 3(c) ]. At the same time, the length of the plasma plume increases rather monotonically with the applied voltage. From 12 to 20 kV the length of the plasma jet becomes roughly doubled.
More details concerning the interplay of the discharge and gas flow can be revealed when the dynamic variation of the gas flow profiles be properly accentuated, which can be realized by photographing with a sufficiently short exposure time and in a wider view field. Fig. 4 displays the schlieren photographs of the gas flow profiles referred exactly to the corresponding situations in Fig. 3 , but obtained with an exposure time of only 1/15 s against the 10 s for obtaining Fig. 3 , and the view field is as wide as 11 cm. The instant record of the gas flow profiles was achieved at the cost of the plasma jets becoming invisible because of their weak intensity. We see that for all the three discharge modes, the profile of the gas flows becomes more flattened and more violently disturbed with the increasing applied voltage. Under each applied voltage, roughly speaking, the profile of the gas flow was most violently disturbed for the DBD mode [ Fig. 4(a) ], and was best maintained for the single active electrode mode [ Fig. 4(c) ]. The "overflow jet" impacts least forward momentum to the gas flow.
To understand the abovementioned observations, the following three factors that influence the jet length should be borne in mind: the field strength (or applied voltage), the air/ helium interface, and the presence of energetic metastable particles in the discharge. In a helium discharge, besides the ions there are also metastable particles at energy levels denoted as He (2 3 S 1 ) and He (2 1 S 0 ), 21 and in atmospheric pressure they may have an effective lifetime on the order of 2 ls. 22 They are neutral and can be downstream enhanced by the gas flow, 23 providing more seed electrons for the streamer to propagate further 21 and even being able to cause the ionization of nitrogen in air. 24 There is also report that the N 2 þ ions reaches a maximum value at the same flow rate under which a maximum plume length is achieved, 25 indicating that agents that ionize the nitrogen are an important parameter in influencing the physical characteristics of the plasma plume. In fact, the downstream side is more favorable for the generation of plasma jets under otherwise the same conditions (cf., Fig. 2 in Ref. 16 ). It also needs be pointed out that the glow discharge between the two electrodes which are at the same side with regard to the discharge, is symmetric in the two half periods in both DBD and "overflow jet" modes, as indicated by the measurement of discharge current. Figure 5 exemplifies the discharge currents for the DBD mode corresponding to the situations in Figs. 3(a) and 4(a) , the curves for the "overflow jet" mode (not shown here) show hardly any difference. Thus we can say that the glow discharge is unlikely to impacts any net momentum on the gas flow. However, the glow discharge does disturb the helium flow, consequently facilitates the mixing of air into the helium flow in the ambient part, limiting the extension of the plasma jet. Taking these factors into consideration, the observations made on Figs. 3 and 4 can be reasonably understood as below.
(1) In the single active electrode mode, the single active electrode driven by ac voltage can effectively cause electric wind away from the electrode in both directions, since the discharge current comprises uniquely the streamer pulses during the positive half period 15 -the capacitive current and the Trichel pulses during the negative period are absent as in this case the ground electrode could be taken infinitely far away. 21 The electric wind results from the collision between the ions that drift and the neutral particles, 26, 27 it can thrust or drag the free gas flow. That the should-be-symmetric electric wind at the two sides of the active electrode yet impacts a net forward momentum to the gas flow, see Figs. 3(c) and 4(c), can only owe to the gas flow itself. First, though the electric wind leaving the inner side of the active electrode runs against the gas flow, it, however, will cause a hindrance to the gas flow only for a short while, and the more pressured gas at the far end will then try to assume 
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the original flow rate, therefore it results in only a slight, if there is any, braking effect in this single active electrode mode. In fact, this explains the profiles of the gas flows at 8 and 10 kV for the "overflow jet" mode [ Figs. 3(b) and 4(b) ], where there is a corona jet running against the gas flow beyond the active electrode but it is discharge free beyond the ground electrode sitting downstream. Second, the effect of the gas flow to the corona jets at the two sides of the single active electrode is unbalanced. Since the energetically active metastable particles generated in the upstream part can be brought down to the downstream region, the downstream jet is more effectively discharged and more effective in expelling ions in the gas flow direction. This is in accordance with the previous observation that below a critical voltage, the jet beyond the active electrode can be longer when running along the gas flow, hence suffering from the attenuating effect caused by air, than that runs against the gas flow in pure helium [cf., Fig. 5(a) in Ref. 15] . The fact that at 10 kV the plasma plume for the DBD mode is longer than that for the single active electrode mode can find an explanation following the same path-more metastable particles are generated in the DBD zone, which are then brought downstream to promote the discharge along the way.
(2) Under the same applied voltages, the DBD mode and the single active electrode mode, for both there is a corona jet in the gas flow direction, are more efficient in thrusting the gas flow than the "overflow jet" mode, since for the latter the jet in ambient is the result of "charge overflow" from the tube surface beneath the ground electrode-it has a very short length due to the weak electric field on the one hand, and due to the air mixing enhanced by the glow discharge on the other hand. (3) The glow discharge that disturbs the gas flow, thus to facilitate the mixing of air into the helium flow, is a feature shared by the DBD mode and the "overflow jet" mode. As indicated by Fig. 5 , the discharge current, measured when the glow discharge is set on at applied voltages !10 kV, is symmetrical in the two half periods, therefore the electric wind attributed to the glow discharge is anticipated to disturb the gas flow in phase with the applied voltage. The more forcible the glow discharge, the more violent will be the disturbance that the gas flow suffers, consequently the more unstable will the gas flow in the ambient, see Figs. 4(a) and 4(b). The turbulent helium flow is more vulnerable to the invasion of the air, which can then be the dominant factor in limiting the length of the plasma plume. For the DBD mode, at higher voltages (!12 kV) the enhanced electric field cannot compensate the attenuation to the discharge by the mixed air, 21 thus the plume jet in ambient becomes shorter. In another word, in the DBD mode the stronger electric field does not necessarily imply a longer plasma plume. This claim is valid for a flow rate up to 4.2 SLM in the current experimental setup. For the "overflow jet" this same competitive effect was not so prominent since the plasma plume there, induced by charge overflow from the ground electrode rather than by the electric field from an active electrode, is too short. In contrast, in the single active electrode mode where the gas flow is free of the disturbance from a glow discharge, the plume length at a given flow rate is determined solely by the applied voltage, therefore it grows monotonically with the increasing applied voltage. Thus, to obtain a sufficiently longer plasma jet with small flow rate, the single active electrode mode is the best choice.
In order to have a quantitative evaluation of the momentum gain from discharge, we compare the paths of the gas flows at different flow rates, and the flow path for the flow rate of 0.2 SLM with the discharge on (single-electrode mode) is also provided (Fig. 6) . We see that when the discharge is on, the flow path for the flow rate of 0.2 SLM corresponds to that of $0.47 SLM without discharge. This is to say, with the discharge generated at 8 kV, the linear velocity of the gas flow has been raised from 0.26 to 0.62 m/s. Remember that for the gas flow rate of 0.8 SLM, the discharge at 8.0 kV brings it to be equivalent to a flow rate of 1.4 SLM, which corresponds to a raising of the linear velocity of the gas flow from 1.10 to 1.90 m/s, the impact of the plasma plume on the gas flow is relatively more effective for smaller flow rates.
IV. CONCLUSIONS
In summary, the gas flow and the discharge in the atmospheric pressure plasma jet, depending on the discharge modes, interact in a quite complicated way. With large applied voltages, the gas flow can always gain a forward momentum from the discharge, which, however, implies an elongated plasma jet in the ambient only in the single active electrode mode. For the DBD mode, when the gas flow rate is not very large as in the current work, the length of the plasma jet maximizes at a properly applied voltage. The forceful glow discharge between the electrodes may even cause the gas flow to turn into turbulence. At a flow rate as small as 0.8 SLM, the length of the "overflow jet" increases quite reluctantly with the increasing applied voltage. These results may stimulate further inquiries into the detailed processes involved in the generation of APPJs, they may also be quite useful for optimizing the application of APPJs or jet arrays, especially when low voltages and smaller flow rates are applied.
